We describe the synthesis of a composite carbon derived from zinc-aluminium-layered double hydroxides. The material was characterized by powder X-ray diffraction, Fourier transform infrared/attenuated total reflectance spectroscopy, thermogravimetric analysis-differential scanning calorimetry-mass spectrometry, measurement of BET specific surface area, zeta-potential analysis and scanning electron microscopy. The resulting material was used for adsorption studies with an anionic surfactant, sodium dodecylbenzenesulphonate, and a cationic surfactant, cetyltrimethylammonium bromide, as adsorbates. The adsorption of the surfactants was well described by the typical Langmuir pattern. An investigation of the influence of initial pH of a medium on surfactant adsorption showed that high pH values decrease the adsorption capacity of the adsorbent. The adsorption processes were exothermic. The results also showed that the adsorption of the two surfactants was chemical and that the kinetic models were best described by a pseudo-second-order model.
INTRODUCTION
In the last few years, the growing demand for multi-functional materials has stimulated the scientific community to investigate the production of new carbon materials such as fullerenes, nanotubes, nano-structured porous carbons, carbon nanofibres, among others (Creegan et al. 1992; Gall et al. 1996; Tamon et al. 1997; Tamon et al. 1999; Jiang et al. 2002; Star et al. 2002; Vix-Guterl et al. 2004; Hong et al. 2012; Wu et al. 2012; Zhao et al. 2012) . These solids can have a high specific surface area, mechanical resistance, thermal resistance and electric conductivity (Pang et al. 1993; Kawashima et al. 2000; da Silva et al. 2006; Ho et al. 2007; Enterria et al. 2012) . These properties enable the use of these materials as catalysts, catalyst supports, modified electrodes, supercapacitors, fuel cells, adsorbents, etc. (Morenocastilla et al. 1995; Yu et al. 1998; Jiang et al. 2002; Gadiou et al. 2005; Inagaki et al. 2008; Terzyk et al. 2009; He and Hu 2012; Li et al. 2012) . Some types of carbon materials can be synthesized using an inorganic template, allowing a structure control of the so-called porous nano-structured carbons (Veloso and Rangel 2009) . In this process, a solid carbon precursor is formed around the template framework, normally consisting of silica or zeolite. After polymerization of the monomer, the material is carbonized at high temperatures in an inert atmosphere. The inorganic template is then removed. These processes can produce carbon materials such as carbon composites (CCs) or inverse replicas of the template, the so-called carbon replicas.
Several studies have reported the use of CCs and carbon replicas as adsorbent materials for the decontamination of wastewater (Han et al. 2000; Saini et al. 2010; Do et al. 2011; Dou et al. 2011; Cesano et al. 2012; He and Hu 2012; Sanci-Ozdemir 2012; Yates et al. 2012; Zhang et al. 2012a, b) . Han and co-workers (2000) synthesized nanoporous carbons with extremely high volumes of mesopores and specific surface area using silica nanoparticles as templates. The resorcinol and formaldehyde were polymerized in the presence of silica sol particles generating silica gel nanocomposites. For carbonization, the composite was heated under an atmosphere of N 2 from room temperature to 850 °C at a heating rate of 5 °C·minute -1 and maintained at this temperature for 3 hours. The resulting silica-CC was treated with an aqueous solution of HF (48% wt.) under constant shaking for 12 hours. The pore volume of the resulting carbon materials was larger than 4 cm 3 ·g -1 and the specific surface area was approximately 1000 m 2 ·g -1 . A feature of these nanoporous carbons is the excellent adsorption capacity for bulky dyes such as acid blue, acid green, acid violet and direct blue. In the best case, the adsorption capacity of nanoporous carbon was ten times higher than that of commercial activated carbon.
Saini and co-workers (2010) studied the adsorption of organic volatile compounds such as ethanol, n-hexane and toluene, as well as of the gases CO 2 , C 2 H 6 , C 2 H 4 and of CH 4 onto carbon replicas derived from ordered mesoporous silica. In this study, the surface area of the mesoporous silica was 796 m 2 ·g -1 versus an area of 1396 m 2 ·g -1 of the carbon replica. The nitrogen adsorption isotherms of both substances were characteristic of mesoporous material. This study discussed the effects of the surface properties of mesoporous silica and carbon replica on the selective adsorption of gases and organic volatile compounds. Adsorption by ordered mesoporous silica is affected by the presence of Si-OH groups located on the walls of the material, whereas adsorption by carbon replica occurs at acid sites of, for example, carboxylic, phenolic and lactone groups. Silica mostly adsorbs molecules having electric dipole moments, whereas carbon replica adsorbs molecules that have preferentially low dipole moments.
Recently, CCs and carbon replicas were developed using layered double hydroxides (LDHs) directly intercalated with the monomer 4-vinylbenzenesulphonate (VBS). The layered structure of the inorganic double hydroxide was used as a template and VBS monomers were the carbon source (Leroux et al. 2006a, b; Stimpfling and Leroux 2010a, b) . The replicas had a strong microporous character with high specific surface area (micropore volume up to 1.07 ml·g -1 and S BET = 2300 m 2 ·g -1
). Studies of cyclic voltammetry and electrochemical impedance spectroscopy demonstrated that the carbon replicas produced with VBS-intercalated LDHs had the behaviour of supercapacitors.
Thus, the objectives of this study were to investigate the application of CCs derived from zinc and aluminium LDH intercalated with VBS as adsorbents for the removal of anionic and cationic surfactants from solution. Sodium dodecylbenzenesulphonate (SDBS) was used as anionic surfactant and cetyltrimethylammonium bromide (CTAB) as cationic surfactant.
MATERIALS AND METHODS

Chemicals
Zn(NO 3 ) 2 ·6H 2 O (Sigma-Aldrich, 98%), Al(NO 3 ) 3 ·9H 2 O (Sigma-Aldrich, ≥98%), NaOH (SigmaAldrich, ≥98%), sodium VBS (C 8 H 7 NaO 3 S; Aldrich, ≥90%), SDBS [CH 3 (CH 2 ) 11 C 6 H 4 SO 3 Na; Aldrich, technical grade], and hexadecyltrimethylammonium bromide (C 19 H 42 BrN; Sigma, ≥98%) were used as reagents. All water used in this study was previously distilled and deionized by a VEXER reverse osmosis system.
Preparation of the CC
The CC was synthesized from zinc and aluminium LDH intercalated with VBS (Zn 2 Al/VBS). The LDH was prepared by co-precipitation at a constant pH as follows: a solution containing 1.00 mol of Zn(NO 3 ) 2 ·6H 2 O and 0.50 mol of Al(NO 3 ) 3 ·9H 2 O in 0.700 l of water was dropwise added under vigorous stirring into a solution containing 3.50 mol NaOH and 0.943 mol VBS in 1.00 l of H 2 O. The resulting gel was shaken for 18 hours at 65 °C. The resulting material was washed and separated by filtration and dried under reduced pressure in the presence of silica gel. For polymerization of the intercalated monomer, the Zn 2 Al/VBS was calcinated in an oxygen atmosphere at a heating rate of 10 °C·minute -1 and a flow velocity of 150 cm 3 ·minute -1
, up to a temperature of 200 °C for 4 hours. The resulting material was named Zn 2 Al/VBS-200. To obtain the CC, the material was calcined again in a nitrogen atmosphere with a flow velocity of 150 cm 3 ·minute -1 up to a temperature of 700 °C for 4 hours. The calcination procedures were partly based on thermogravimetric analysis-differential scanning calorimetry-mass spectrometry analyses (TGA-DSC-MSs). Thereafter, the material resulting from calcination at 700 °C was suspended in 1 l HCl solution (1.00 mol·l -1 ) for 72 hours at room temperature (25 o C). The obtained CC was centrifuged, washed with water and dried at reduced pressure.
Sorbates
To investigate the adsorption on the CC material, we used the anionic surfactant SDBS and the cationic surfactant CTAB. Stock solutions (1000 mg·l -1 ) of these two surfactants were prepared for the adsorption tests. The surfactants were used as received from the supplier without prior purification. The structures and some chemical properties of the surfactants used in this study are shown in Table 1 . 
Surfactant Analysis
The concentration of the surfactants in the supernatant was determined using a UV-Vis spectrophotometer (Thermo Evolution 300) to monitor the adsorption of CTAB at 220 nm and the absorption of SDBS at 223 nm. Quartz cuvettes with an optical path length of 10 mm were used.
Determination of Adsorption Isotherms
The experiments to construct the adsorption isotherm were conducted by the batch method. A constant mass of 30 mg of the CC was added to 25 cm 3 of the solutions containing the surfactants. The solution concentrations varied between 25 and 1000 mg·l -1 . The pH of the solutions was adjusted to 7 by adding NaOH or HNO 3 . The solutions were placed in a thermostatic bath at 30°C
, and left to stand for 48 hours. After this period, the solid material was separated by centrifuging the mixture. The surfactant concentration in the supernatant was determined as previously described. The concentration of the adsorbed surfactants (q e , mg·g -1 ) in the adsorbent phase was quantified using equation (1) as follows: (1) where C 0 is the initial surfactant concentration (mg·l -1 ); C e is the final surfactant concentration (mg·l -1 ); V is the volume of the surfactant solution (l) and m is the CC mass (g). In this study, the experimental data were analyzed by the Langmuir-Freundlich isotherm model (Freundlich 1906; Langmuir 1918) .
The Langmuir isotherm model is given by equation (2) ( 2) where q e is the adsorbed quantity of the solute at equilibrium per gram of sorbent (mg·g -1 ), C e is the surfactant concentration at equilibrium (mg·l -1 ), Q max (mg·g -1 ) and b (l·mg -1 ) are constants related to the maximum adsorption capacity and the adsorption energy, respectively.
The Langmuir equation can be rearranged and expressed in its linear form, which is better suited to determine the maximum adsorption capacity (Q max ) [equation (3)] (3) The Langmuir model assumes that the energetic sites on the surface of the adsorbent are identical and that each molecule of the adsorbate occupies a single site; in other words, the formation of a monolayer of adsorbate covering the adsorbent surface is assumed. The Freundlich isotherm model, known for a satisfactory performance at low adsorbate concentrations, is expressed by equation (4) where q e is the adsorbed quantity of the solute at equilibrium per gram of sorbent (mg·g -1 ), C e is the solute concentration at equilibrium (mg·l -1 ), k F and n are Freundlich constants related to the capacity and intensity of adsorption, respectively. Equation (4) can also be linearized in a logarithmic form [equation (5)] by which the Freundlich constants can be determined (5) The Freundlich isotherm describes the equilibrium on heterogeneous surfaces and, for this reason, does not assume a monolayer adsorption capacity.
Adsorption Kinetics
Suspensions were prepared by adding 30 mg CC to 25 cm 3 of the surfactant-containing solutions (250 mg·l -1 for SDBS and 700 mg·l -1 for CTAB) at pH 7. The suspensions were placed in a thermostatic bath and left to stand for different time intervals (30 minutes to 24 hours) at 30 °C. The surfactant concentration was analyzed as described earlier.
To examine the mechanisms that control the adsorption process (e.g. mass transfer in the solution and the chemical reaction), various kinetic models were tested to interpret the experimental data. A strong correlation of the kinetic data would indicate the adsorption mechanism. For this purpose, the angular coefficient of each kinetic equation was chosen to interpret the adsorption mechanism of the surfactants in the solid phase. Kinetic models of pseudo-first-order, pseudo-second-order and intra-particle diffusion were tested in this study. The pseudo-first-order equation is represented by equation (6). (6) where k 1 is a velocity constant of the pseudo-first-order and q e is the quantity adsorbed at equilibrium. After integrating equation (6) and applying the conditions that q t = 0 at t = 0 and q t = q t at t = t in equation (6), equation (7) is obtained (7) The pseudo-second-order equation can be expressed by equation (8) (8) where k 2 is a second-order velocity constant. By integrating equation (8) and applying the initial conditions, the following are obtained:
In case the aforementioned models fail to provide a definitive mechanism, the intra-particle diffusion model proposed by Weber and Morris can be tested. The model is represented by equation (11):
where k i is a constant of the rate of intra-particle diffusion and C is the intercept. The validity of these models was checked with linear graphs of each equation: ln(q e -q t ) versus t for the pseudo-first-order model, t/q t versus t for the pseudo-second-order model and q t versus t 0.5 for intra-particle diffusion, respectively. For the evaluation of the best kinetic model, the correlation coefficients (R 2 ) were compared.
pH and Temperature of Surfactant Adsorption to CCs
Suspensions were prepared by adding 30 mg of the CC to 25 cm 3 of the surfactant-containing solutions (250 mg·l -1 for SDBS and 700 mg·l -1 for CTAB). The suspensions were placed in a thermostatic bath and left to stand for 48 hours. The tested pH values were 3, 7 and 12 at 30 °C as well as 30, 40, 50 and 60 °C (for pH 7 alone). The surfactant concentration was analyzed as described earlier.
Solid Characteristics
Powder X-ray diffraction (PXRD) was performed using a Shimadzu XRD-6000 apparatus with graphite crystal as a monochromator to select the Cu-Kα 1 radiation (λ = 1.5406 Å), with a step size of 0.02 s -1 . For Fourier transform infrared/attenuated total reflectance spectroscopy (FTIR/ATR), a JASCO FTIR 4100 spectrophotometer was used. The spectra were obtained with 60 scans, with a wave number from 4000 to 400 cm -1
. The TGA-DSC-MS curves were obtained with an STA 409 PC Luxx (Netzsch) coupled with a QMS 403C Aëolos (Netzsch) spectrometer. A heating rate of 10 °C·minute -1 was used, with a flow of synthetic air (80% N 2 and 20% O 2 ) or nitrogen (99% N 2 ) of 50 cm 3 ·minute -1 , in a heating range from room temperature to 1000 °C. An Autosorb-1 of Quantachrome instruments was used to measure the nitrogen adsorption/desorption. The isotherm was obtained at -196 °C and the sample was degassed at 200 °C for 24 hours. The specific surface area was calculated by the BET method. The surface properties were characterized by zeta-potential analysis. The instrument used was a ZEN 3600 Malvern Zetasizer. The measurements were made after dispersing 30 mg of CC, or CC-SDBS or CC-CTAB in 25 ml of H 2 O. The suspension formed was subjected to ultrasound for 10 minutes and allowed to stand for 1 hour. Approximately 10 ml was sampled for measurements, avoiding the collection of material from the surface and base. The morphology of the produced materials was analyzed by scanning electron microscopy (SEM), using a Quanta 3D FEG microscope. The samples of precipitated powder were gold coated before measurements, using a Sputter BAL-TEC, MED 0.20, and fixed to the sample holder by conductive, double-sided tape.
RESULTS AND DISCUSSION
Characteristics of the CCs
The results of the PXRD for the precursor material are presented in Figure 1 (a). The value of the basal spacing found for Zn 2 Al/VBS [calculated by the Bragg equation and the measurement of basal peaks (00l), (003), (006), (009), (0012) and (0015)] was 18.2 Å. This basal spacing value is consistent with the formation of bilayers of VBS anions between the inorganic layered materials. The basal spacing was consistent with values reported in the literature for this type of material (Leroux et al. 2006b ).
The structural organization of the LDH precursor calcined at 200 °C, named Zn 2 Al/VBS-200, is simple [ Figure 1(b) ]. For this material, the basal peaks (00l) are dislocated with regard to Zn 2 Al/VBS and the basal spacing value calculated only for the basal peak (003) syndiotactic polymer. This type of process avoids the formation of cross-bonds that could alter the properties of the formed polymers. The diffractogram of the material treated thermally at a temperature of 700 °C and washed with HCl to solubilize the inorganic template (CC) is shown in Figure 1(c) . In addition to the formation of an amorphic CC, the X-ray diffraction data show the presence of various phases, such as ZnO (ICDS 086254), ZnAl 2 O 4 (ICDS 026849) and graphite (ICDS 031829). Therefore, the 72-hour treatment with a 1 mol·l -1 HCl solution did not promote a complete solubilization of the inorganic cations of the LDH template. Probably, the surface of some ZnO and ZnAl 2 O 4 particles were coated by carbon, which blocks the interaction with the acid medium.
The X-ray diffractograms of the CC samples after the adsorption experiments with SDBS and CTAB solutions (CC-SDBS and CC-CTAB, respectively), both at a concentration of 1.00 mol·l -1 , are shown in Figures 1(d and e) . No significant modification of the CC material was observed in the PXRD of these materials.
The FTIR spectra of the samples of Zn 2 Al/VBS, Zn 2 Al/VBS-200, CC, CC-SDBS, CC-CTAB, SDBS and CTAB are shown in Figure 2 . For Zn 2 Al/VBS, the bands observed at 1035 and 1180 cm -1 are attributed to the symmetric and asymmetric vibration modes of the S=O group (Leroux et al. 2006a, b) . A broad band was observed in the region of 3400 cm , it was expected that the thermal polymerization of the VBS monomer promotes the appearance of vibrational bands at 2926 and 2844 cm -1 , corresponding to the symmetric and asymmetric stretching of CH, respectively. However, these bands were not observed in these spectra due to the occurrence of a broad and intense band at 718 
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Transmittance ( 3400 cm -1 , representing O-H bonds. In the same spectrum, the disappearance of the band at 925 cm -1 was observed, attributed to the angular symmetric deformation beyond the C-H plane of the alkene (Cunha et al. 2012) .
The FTIR/ATR spectrum of the CC sample after the adsorption experiment is presented in Figure 2 (Ad). Because of the low transmission of the CC and the low quantity of adsorbed SDBS in relation to the mass of the adsorbent CC, low-intensity, superimposed bands were observed in the FTIR spectrum for this material. The bands in the regions of 1125 and 1220 cm -1 were attributed to the symmetric stretching of S-O and the asymmetric stretching of S-O of the sulphonate group.
The incorporation of CTAB into the CC is evidenced in the FTIR spectrum (Figure 2Bd) . The band at 2940 cm -1 was explained by the asymmetrical and symmetrical stretching modes of methylene and methyl groups. The band in the region of 1487 cm -1 was attributed to the bending (d CH 2 ) of the organic cation.
The TGA-DSC-DTG and TGA-MS curves are shown in Figures 3 and 4 . In the first stage of The average values of the zeta potential of the materials CC, CC-CTAB and CC-SDBS were calculated (Table 2) . For CC and CC-CTAB, the obtained average zeta-potential values were positive (14.8 and 21.4 mV, respectively). For the CC-SDBS sample, the average zeta-potential value was -29.2 mV. The positive zeta potential of the CC suggests that the acid washing did not promote complete leaching of metal ions from the material, as evidenced by diffraction measurements that detected the presence of ZnO and ZnAl 2 O 4 . In addition, the H + ions derived from acid washing may be adsorbed, contributing to the occurrence of positive charges on the surface of the material.
The measured zeta-potential values indicate that the absorption of CTAB is mainly based on the interaction between the aliphatic chain of the surfactant and the positive surface of the CC. By contrast, the adsorption of SDBS on the CC surface is mainly based on the interaction between the polar head (anionic) of SDBS and the positive surface of the CC.
Representative SEM images of the prepared material are shown in Figure 6 . For Zn 2 Al/VBS, the image shows a large quantity of superimposed plaques with aggregated particles on the surface of crystallites. After the thermal treatment at 200 °C, the image shows Zn 2 Al/VBS-200 with the formation of a more compact surface. For the CC, large quantities of pores are observed. For CC-SDBS, the image also shows a large quantity of pores on the surface of the material and some aggregated particles. For CC-CTAB, the image shows a more compact surface with a large quantity of adsorbed particles. 
Removal of SDBS and CTAB using a Carbon
Adsorption Isotherms
As mentioned previously, batch experiments were used to interpret the adsorption equilibrium. The adsorption isotherms to CC for the two surfactants are shown in Figure 7 . The CC adsorption capacity of the anionic SDBS was greater than that of the cationic CTAB surfactant.
The Langmuir and Freundlich constants were computed after the linearization of the isotherms for the surfactant adsorption to CC (Table 3 ). The correlation coefficients of the linear equations for the Langmuir model (R L 2 ) were greater than those of the Freundlich model (R F 2 ). Apart from R 2 , other Langmuir and Freundlich parameters were also calculated ( Table 3) . The maximum adsorption capacity (Q max ) of the CC surface showed that 1.00 g of CC adsorbed 214.59 mg (0.616 mmol) of SDBS and 78.49 mg (0.215 mmol) of CTAB. The value of parameter b indicates that the adsorption energy was greater for SDBS than for CTAB adsorption.
Adsorption Kinetics
Effect of Contact Time on Surfactant Adsorption onto CCs
The effect of contact time on surfactant adsorption to CCs is shown in Figure 8 . Results of kinetic experiments showed that for both SDBS and CTAB the adsorption equilibrium was achieved after approximately 12 hours. Again, the adsorption capacity of the anionic CC surfactant was greater than of the cationic surfactant.
Kinetic Model
Kinetic parameters were calculated for the two surfactants adsorbed by the CC (Table 4) . The kinetic studies revealed that of the three tested kinetic equations, the pseudo-second-order model best described the kinetic data of adsorption of both SDBS and CTAB onto CC. This confirms that the control of the adsorption speed is a chemical mechanism.
Influence of pH of the Medium on Surfactant Adsorption to CCs
The quantity of SDBS and CTAB adsorbed onto CC is a function of the initial pH of the solution (Table 5 ). The response of both surfactants to the change in the pH of the medium was the same, with an observed reduction in the amount adsorbed with increasing pH. These results indicate the occurrence of electrostatic interactions between the adsorbent and adsorbate, because the increase in OH -ion concentration in the medium reduced SDBS adsorption. For CTAB, the adsorption values at varying pH suggest the occurrence of two phenomena, namely, (i) neutralization of the surfactant charge by the interaction with OH -ions and (ii) competition between OH -ions and the surfactant for the active CC sites. ; pH = 7.0). 
Influence of Temperature on Surfactant Adsorption to CCs
The study of the influence of temperature on surfactant adsorption showed that in both cases (CTAB and SDBS), the quantity of adsorbed surfactant diminished with increasing temperature.
To obtain the thermodynamic parameters of adsorption, ∆H (change in enthalpy), ∆S (change in entropy) and ∆G (change in Gibbs free energy), equations (12) and (13) were used
where K d corresponds to the ratio between q e and C e . The thermodynamic parameters are shown in Table 6 and were obtained from the graphs in Figure 9 .
The values of ∆G and ∆H were negative for both CTAB and SDBS. The ∆G value, aside from measuring the driving force of a given reaction, also indicates the distance of the initial state of the system from equilibrium (Langmuir 1918). The negative values of ∆G obtained in these experiments (Table 6) indicate that the adsorbed forms are more stable than those in solution and that adsorption was better at lower temperature. The ∆G values also showed that the SDBS-CC system is more stable than the CTAB-CC system. As the ∆H value was negative for the adsorption of the two surfactants, the exothermal behaviour of the adsorption processes was confirmed. This explained the reduction in the CC adsorption capacity with increasing temperature, because as the adsorption process is exothermic, the adsorption equilibrium tends to become endothermic, i.e. to adsorb smaller amounts of the surfactant. , respectively, for the adsorption of CTAB and SDBS, suggest a reduction in the disorganization at the solid-solution interface. In comparison with other results reported in the literature, the efficiency of surfactant removal by CC was greater than that of activated carbon for CTAB removal and that of an LDH for SDBS depletion, which are low-cost adsorbents (Gurses et al. 2003; dos Reis et al. 2004) .
CONCLUSIONS
This study addressed the adsorption of the surfactants CTAB and SDBS onto CCs derived from zinc and aluminium LDHs. The adsorption of the surfactants onto CC was shown to follow the typical Langmuir model. Because of the presence of positive charges on the CC surface, evidenced by measurements of the zeta potential of the material, the adsorption of the anionic surfactant SDBS was greater than that of the cationic surfactant CTAB. An analysis of the influence of initial pH on surfactant adsorption showed that the higher the pH, the smaller is the adsorption capacity of the adsorbent due to the interaction of the active CC sites with OH -ions. The negative ∆G values obtained in the experiments with the two surfactants indicate that the 3.0x10 -3 3.1x10 -3 3.1x10 -3 3.2x10 -3 3.2x10 -3 3.3x10 -3 3.3x10 -3 3.0x10 -3 3.1x10 -3 3.1x10 -3 3.2x10 -3 3.2x10 -3 3.3x10 -3 3. adsorbed forms are more stable than those in solution. The adsorption processes were exothermic, which explains the reduction in the adsorption capacity of the CC with increasing temperatures. In addition, the results presented in this article show that the adsorption of the two surfactants onto CC was chemical and a comparison of the kinetic adsorption models for CTAB and SDBS with CC showed that the system was best described by a pseudo-second-order model.
